Fixed dose oral tyrosine kinase inhibitors imatinib, sunitinib and pazopanib show a high interpatient variability in plasma exposure. A relationship between plasma exposure and treatment outcome has been established, which supports the rationale for dose optimization of these drugs. The aim of this study was to monitor how many patients reached adequate trough levels after therapeutic drug monitoring-based dose optimization in daily practice.
Introduction
The oral tyrosine kinase inhibitors (TKIs) imatinib, sunitinib and pazopanib have been approved at fixed doses for use in different types of cancer, e.g. renal cell cancer and gastrointestinal stromal tumour (GIST). However, these drugs show a high interpatient variability in plasma exposure which might affect treatment outcome. Interpatient variability of approximately 30-60% was found for imatinib, sunitinib and pazopanib plasma exposure [1, 2] .
Several factors may influence the systemic exposure, including variability in oral drug absorption and metabolism, drug-drug interactions, food-drug interactions, patient nonadherence and decrease of plasma exposure over time during the first months of treatment [3] [4] [5] . Imatinib, sunitinib and pazopanib are metabolized by cytochrome P450 enzyme (CYP) 3A4 in the liver. Therefore, combination with agents that inhibit or induce CYP3A4 may lead to increased or decreased plasma exposure of the TKIs [6] [7] [8] . Moreover, imatinib and pazopanib are substrate of the transporter enzyme P-glycoprotein, which may add to the interpatient variability observed due to drug-drug interactions or polymorphisms [6] [7] [8] . In addition, the absorption of pazopanib in the gastrointestinal tract is dependent on a low gastric pH value and for this reason combination with drugs that inhibit gastric acid secretion (proton pump inhibitors, antacids, H 2 -antagonists) may lead to decreased pazopanib absorption and plasma exposure [9] . Additionally, the plasma exposure of pazopanib is nearly doubled when it is administered after a high-fat meal instead of after a low-fat meal or in fasted state [10, 11] . Besides these known contributors to variability in plasma exposure also patient characteristics such as age, sex, bodyweight, renal function and liver function may contribute to variability in plasma exposure of TKIs. Despite these factors did not lead to clinically relevant changes in plasma exposure separately, a relevant cumulative effect on plasma exposure cannot be ruled out [2, 5, [12] [13] [14] . Since many factors may influence the plasma exposure of imatinib, sunitinib and pazopanib, it is not possible to predict whether an individual patient will reach an adequate plasma exposure using a standard fixed dose of the drug.
For imatinib, sunitinib and pazopanib a relationship between plasma exposure and treatment outcome has been established. In a retrospective analysis of a randomized phase II study by Demetri et al. [15] patients with GIST treated with imatinib showed a better overall survival when the imatinib trough level was >1110 ng ml -1 . Additionally, Larson et al.
[16] showed retrospectively that the trough level of imatinib was significantly higher in chronic myeloid leukaemia patients who achieved a complete cytogenetic response with a trough level cut off value of 1009 ng ml -1 . Since then, several other groups have established the same target exposure for imatinib associated with better treatment outcome [17] [18] [19] [20] [21] [22] . Guilhot et al. [23] showed that there was an apparent association between high imatinib trough levels (>3180 ng ml -1 ) and the occurrence of grade 3/4 adverse effects. For sunitinib the target total trough plasma concentrations of sunitinib plus active metabolite N-desethyl sunitinib have been deduced from preclinical data and are in the range of 50-100 ng ml -1 [24] [25] [26] . Subsequently, it was shown that total trough levels > 50 ng ml -1 have been associated with an objective response in a small cohort of patients with advanced solid malignancies treated with sunitinib 50 mg once daily for 4 weeks followed by a 2-week drug holiday [27] . In patients treated with sunitinib 37.5 mg continuously daily dosing minimal total trough levels of 37.5 ng ml -1 have been recommended based on the demonstrated efficacy of sunitinib 37.5 mg continuously daily dosing in GIST patients and dose proportionality of plasma exposure at therapeutic doses [28, 29] . However, target trough concentrations for sunitinib plus active metabolite have not been confirmed in retrospective or prospective studies. For sunitinib, Faivre et al. [27] and Mizuno et al. [30] showed that dose limiting toxicities were most often seen in patients with sunitinib doses >75 mg day -1 and sunitinib + N-desethylsunitinib trough concentrations >90 ng ml -1 , respectively. In a retrospective study by Suttle et al., [31] pazopanib trough levels of 20.5 μg ml -1 were associated with improved efficacy in patients with metastatic renal cell carcinoma (mRCC). Additionally, posthoc analyses of the PAZOGIST study showed that trough pazopanib levels ≥20 μg ml -1 were associated with better progression free survival in patients with GIST [32] . Lin et al. [33] showed an apparent association between high pazopanib trough levels (>46 μg l -1 ) and occurrence of adverse effects such as hand-foot syndrome. The standard fixed doses and the identified target trough plasma concentrations, based on retrospective and prospective analyses, are summarized in Table 1 .
Besides the relationship between exposure and clinical efficacy, also relationships between exposure and safety and tolerability have been established for these drugs [12, 16, 31, 34] . Due to the correlation between systemic exposure and clinical benefit or toxicity, high variability in systemic exposure may have consequences for treatment outcome. This supports the rationale for therapeutic drug monitoring of imatinib, sunitinib and pazopanib. Dose adjustments based on trough plasma concentrations may contribute to optimization of therapy by reaching plasma concentrations within the therapeutic range in cancer patients. Despite the overwhelming evidence for concentration-effect relationships of these three agents, there has been little attention so far to evaluate the effectiveness of interventions aimed to achieve therapeutic concentrations. Without knowledge of effective interventions, the presence of a therapeutic range is meaningless. Therefore, the aim of this study was to monitor how many patients reached adequate trough levels of the drugs before and after dose optimization based on therapeutic drug monitoring in daily practice. The study was performed in a university medical centre in the Netherlands in which therapeutic drug monitoring of imatinib, sunitinib and pazopanib is nowadays performed as standard of care.
Methods

Patients
This retrospective cohort study was performed in patients treated with imatinib, sunitinib or pazopanib of whom multiple follow-up drug levels were measured for routine therapeutic drug monitoring between August 2012 and April 2016. An overview of the applied strategy is shown in Figure 1 . In two thirds of the patients, time after drug administration (interval between last dose intake and plasma sampling) was documented. Dosing scheme, indication and mutational status of the tumour in case of a GIST were collected by reviewing electronic patient records. Mutational status determines the optimal dosing of imatinib and the preferred treatment. High-dose imatinib or sunitinib are more likely to give a better outcome in exon 9 metastatic GIST [35] . 
Bioanalysis
Whole-blood samples were collected in EDTA plasma tubes or clot activator serum tubes. Samples were centrifuged within 24 h of collection. EDTA plasma or serum was stored cold (4-8°C) until the day of analysis for a maximum of 14 days. Plasma or serum concentrations of imatinib, sunitinib, N-desethyl sunitinib and pazopanib were determined by a previously validated high-performance liquid chromatography coupled with tandem mass spectrometry detection method [36] . The lower limits of quantification for imatinib, sunitinib, N-desethyl sunitinib and pazopanib were 100 ng ml -1 , 2 ng ml -1 , 2 ng ml -1 and 1 μg ml -1 , respectively.
Trough plasma concentrations
Blood samples were drawn during follow-up visits at the outpatient clinic at least 7 to 14 days after start of therapy and after a dose intervention to make sure steady-state pharmacokinetics was reached. Most patients took their medication early in the morning or late in the evening. Therefore, the plasma samples were drawn 12-24 h after the last dosage. Real trough plasma concentrations were not always available. Trough plasma concentrations were estimated, as previously proposed by Wang et al. [37] , using the interval between last dose intake and blood sampling and the mean elimination half-life of the drugs. The formulae used for this purpose were:
• Conc 24h , Conc 12h = C trough = calculated plasma trough levels for drugs with once daily or twice daily administration, respectively. • Conc measured = measured drug plasma concentration in ng ml -1 or μg ml -1
• Interval = interval between last dose intake and blood sampling in hours • t½ = mean terminal half-life of the drug in hours Formula 1 was used to calculate plasma trough levels for drugs with once daily (QD) administration, and formula 2 was used for drugs with twice-daily administration. Mean elimination half-lives used in the calculation were 18, 50 and 31 h for imatinib, sunitinib plus N-desethyl sunitinib and pazopanib, respectively [37] [38] [39] [40] . For each drug, target ranges for plasma concentrations were defined based on published data and are shown in Table 1 .
Therapeutic drug monitoring
For each patient sample, trough plasma concentrations were compared with the predefined target trough concentrations. A hospital pharmacist formulated a dosing advice based on the plasma concentration outcome aiming to reach the target dose after implementation of this single advise, without fixed dose steps. The individual dosing advice was reported in the electronic patient record. For patients with trough plasma concentration within the target range the advice was to maintain the same dose level if toxicity was manageable. For patients with trough plasma concentrations below the target range, the advice was to increase the dose to a level that would be sufficient to reach target plasma concentrations based on linear pharmacokinetics. For patients with trough plasma concentration above the target range and signs of toxicity, the advice was to decrease the dose to a level that would be sufficient to reach plasma concentrations within the target range based on linear pharmacokinetics. The availability of dose units was taken into account by formulation of the dose advice. Sunitinib was used in doses from 12.5 mg QD per day to 75 mg QD. Because of the long elimination half time of sunitinib and its metabolite dose advices included also different doses every other day (e.g. 25 mg and 37.5 mg every other day). Imatinib was used in doses from 200 mg QD to 400 mg twice-daily. Pazopanib was used in doses between 400 mg QD and 1000 mg QD. Additional advices for pazopanib dosing in order to increase the bioavailability included splitting the dose in a twicedaily regimen (as suggested by Yu et al. [5] ) or administration in combination with breakfast instead of in fasted state (as suggested by Lubberman et al. [11] ).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [41] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 [42] .
Results
Patients
In total, 396 trough levels of imatinib, sunitinib and pazopanib were determined in 109 patients between August 2012 and April 2016. Median sample frequency per patient was 3 (range 2-13). Patient characteristics are presented in Table 2 . Seventy patients were taking imatinib of whom 290 plasma concentrations were measured. Twenty-seven patients using sunitinib were included, of whom 75 plasma concentrations were measured. Pazopanib was used by 12 patients of whom 31 plasma concentrations were measured.
The indication for use of imatinib in this cohort was mainly GIST (68 patients; 97%). Additionally, one patient was treated with imatinib for Philadelphia-chromosome positive acute lymphoblastic leukaemia, and one patient for chronic myeloid leukaemia. Two thirds of the patients (47 patients, 67%) were treated with imatinib as a palliative therapy in metastatic GIST. Twenty-three patients (33%) were treated in a (neo-) adjuvant setting. More than half of the patients with GIST (41 patients; 59%) had a tumour harbouring an activating mutation in cKIT exon 11 and four patients had a tumour harbouring a mutation in cKIT exon 9. In this cohort, sunitinib was primarily used in treatment of mRCC (23 patients; 85%). Four patients used sunitinib as a second line treatment for GIST. The main indication for pazopanib therapy was mRCC. In addition, four patients were treated with pazopanib for soft tissue sarcoma.
Therapeutic drug monitoring: trough levels and dose interventions
After start of treatment on the standard drug dose, the first trough level measurement showed that only 37.6% of patients had trough levels within the predefined target ranges (see Table 3 and Figure 2 ). From the patients treated with imatinib 29 patients (41.4%) showed an adequate trough level during the first trough level measurement. More than half of the patients (39 patients; 55.7%) showed subtherapeutic imatinib trough levels and two patients (2.9%) showed supratherapeutic trough levels. For sunitinib only a quarter of patients (seven patients; 25.9%) reached adequate trough levels during the first measurement, 14 patients (51.9%) showed subtherapeutic trough levels and six patients (22.2%) supratherapeutic trough levels. From the patients treated with pazopanib five patients (41.7%) Individualized tyrosine kinase inhibitor dosing had an adequate trough level during the first trough level measurement. Additionally, four patients (33.3%) showed subtherapeutic trough levels and three patients (25.0%) supratherapeutic trough levels. Overall, 52.3% of patients showed subtherapeutic and 10.1% of patients showed supratherapeutic trough levels during the first trough level measurement. Dose interventions based on estimated trough levels were proposed in 72 (66.1%) patients and implemented in 41 (37.6%) patients. In total, 56.9% of the proposed dose interventions were implemented in clinical practice (see Table 4 ). From the patients with dose interventions 85.4% reached adequate trough levels within the study period. The effectiveness of dose interventions was highest in patients treated with imatinib. In this patient group 95% of implemented interventions led to adequate trough levels. In patients treated with sunitinib and pazopanib implemented dose interventions led to adequate trough levels in 76.4 and 75% of cases, respectively. For imatinib the percentage of patients in which the proposed interventions were implemented was the lowest, namely 46.5%. On the contrary, for sunitinib this percentage was the highest (77.3%).
Eventually, 64.2% of patients reached trough levels within the predefined target ranges after dose optimization (imatinib: 60%; sunitinib: 74.1%; pazopanib: 66.7%). For imatinib, 28 patients (40.0%) showed subtherapeutic trough levels during the last measurement and none of the patients had supratherapeutic imatinib trough levels. Within the group of sunitinib patients, the number of patients with subtherapeutic and supratherapeutic trough levels decreased to five patients (18.5%) and two patients (7.4%), respectively. For pazopanib, one patient (8.3%) remained with a supratherapeutic trough level and three patients (25.0%) with a subtherapeutic trough level. The geometric mean imatinib trough level increased from 862 μg l -1 during the first measurement to 1205 μg l -1
Figure 2
Boxplots representing median, lower and upper quartile plasma concentrations of imatinib, sunitinib plus desethylsunitinib and pazopanib measured during the first and last measurement. De grey lines represent the minimal trough level. The boxes represent the 25-75% percentiles and the whiskers represent the 2.5-97.5% percentiles Table 4 Dose interventions per patient during the last measurement. The interpatient variability [coefficient of variation (CV%)] of the first and last imatinib trough levels decreased from 70 to 52%. The geometric mean sunitinib trough levels increased from 35.8 to 50.4 μg l -1 .
Additionally, the interpatient variability of trough levels decreased markedly from 92 to 35%. The mean pazopanib trough level decreased with approximately 10% from 25.9 to 23.1 mg l -1 . Additionally, the interpatient variabilities between the first and last measurements were comparable with 64 and 67%, respectively.
Discussion
The objective of this study was to evaluate the effect of therapeutic drug monitoring in daily practice by monitoring how many patients reached adequate trough levels of imatinib, sunitinib and pazopanib before and after dose recommendations. Multiple follow-up trough levels were measured in 109 cancer patients. Initially, only 38% of patients had an adequate trough level. Of the patients undergoing dose intervention based on trough level, 85% of patients reached an adequate trough level within the study period. In the total cohort (patients with and without implemented dose interventions), the percentage of patients with adequate trough levels increased from 38 to 64%. This implies that measurement of plasma drug levels might add to the improvement of efficacy and reduced toxicity of patients treated with imatinib, sunitinib and pazopanib. The rationale for this study was based on the demonstrated plasma exposure-response relationship for imatinib, sunitinib and pazopanib, and the large interpatient variability observed for these drugs in clinical practice. Therefore, it was reasoned that fixed dosing may lead to underdosing or overdosing due to low or high drug exposure. However, a limitation is that the predefined target trough levels have not been established in large prospective randomized clinical trials thus far but are derived from retrospective analyses. Therefore, the extent to which dose individualization has an impact on treatment outcome/toxicity it is not known yet. Likewise, in our study we did not correlate plasma exposure to treatment outcome, since we studied a small cohort of patients covering a large variety of solid tumours and no control group. However, target levels for these drugs have been demonstrated in various studies and, therefore, the predefined target levels could be regarded appropriate for use in this study.
The algorithm used to estimate plasma trough levels in this study was previously described by Wang et al. [37] . With this method imatinib trough levels of plasma samples obtained at different time points in the elimination phase can be estimated with acceptable deviations from real measured trough levels [37] . Since the time to peak plasma level for imatinib, suntinib and pazopanib are comparable and the elimination half-lives of sunitinib and pazopanib are even longer than the elimination half-life of imatinib, it was justified to use this method of Wang et al. [37] to calculate imatinib, sunitinib and pazopanib trough levels in our study.
During the first measurement only 25.9% of patients treated with sunitinib had an adequate trough level. This percentage is much lower than the percentages of 48 and 51% that were described in previous cohort and dose optimization studies [2, 43] . This discrepancy is probably due to the fact that the previous studies only defined minimal effective target levels (>50 ng ml -1 ) and the current study also included supratherapeutic trough levels, which were observed in 22.2% of the patients. Combining all patients with sunitinib trough levels above the minimal effective target level results in 48.1% of patients which is comparable to previous studies. Moreover, in the first part of the study period, some selection bias could have been introduced for imatinib and sunitinib since TDM was not performed as standard of care in those days, and TDM was mainly performed in case of suspected toxicity or suboptimal drug response. Thus, there could have been included a disproportional amount of more extreme trough levels. This selection bias could possibly explain the low percentage of adequate trough levels in patients treated with sunitinib and could possibly overestimate the effect of therapeutic drug monitoring in this patient population. However, the effect of selection bias seemed less apparent for imatinib and pazopanib. Adequate imatinib trough levels were reached in 41% during the first trough level measurement and this percentage is comparable to the most recent cohort studies (44%) [44] . Lastly, the percentage of patients on pazopanib with adequate trough levels was also comparable to a previous study (41.7 vs. 43.3%) [45] . The interpatient variability (CV%) for sunitinib (70%) and imatinib (90%) trough levels at starting point of our cohort was much higher than described in previous studies (approximately 35%). This can be explained by the fixed dose regimen on which the interpatient variation was based in these studies: sunitinib was dosed at 37.5 mg QD and imatinib at 400 mg QD. In our cohort, however, different dosing schedules of sunitinib and imatinib were used. The starting dose for sunitinib was 37.5 mg QD (continuously daily dosing) or 50 mg QD (intermittent dosing) and starting dose for imatinib was 400 mg QD (sensitive mutations) or 800 mg QD (less sensitive cKit mutation). In addition, selection bias as mentioned above can be an explanation for the high interpatient variability. The interpatient variability for pazopanib in our study was comparable to the study of Verheijen et al. (64 vs. 72%) [45] . The intended effect of individualized dosing based on trough levels is to minimize the interpatient variability in trough levels, and thereby to reduce toxicity and to increase efficacy. The largest decrease in interpatient variability (CV%) was seen for sunitinib (from 92 to 35%). This large effect is possibly related to the large percentage of implemented dose advices for sunitinib. The interpatient variability for imatinib decreased from 70 to 52%. As mentioned above, the large variability for this drug can be explained by the two dosing schemes with large difference in daily dose. Remarkably, the interpatient variability for pazopanib did not alter after therapeutic drug monitoring, which possibly can be explained by the low percentage of follow up of dose advices or the difficulty to overcome the limited gastrointestinal absorption of pazopanib [5, 46] . Moreover, as shown in previously published data the intrapatient variability of pazopanib compared to the interpatient is relatively large (24.7 vs. 27.3%) and it is known that the utility of therapeutic drug monitoring is limited for drugs with this pharmacokinetic characteristic [46] . The intrapatient variability compared to the interpatient variability for the other drugs is relatively modest (26.5 vs. 44.7% for imatinib and 16.2 vs. 42.3% for sunitinib, respectively) and therefore utility of therapeutic drug monitoring is expected to be larger [47, 48] .
The percentage of patients that reached adequate trough levels increased from 38% to 64% during this study. The reason that the proportion of patients with adequate trough levels at the end of the study is not larger is mainly explained by the duration of the study period. At the end of the study period, the dose optimization was not yet completed for all patients. Additionally, it can be due to patient nonadherence, no follow-up of advice given by the hospital pharmacist to the treating oncologist, or the tendency of plasma exposure to decrease after long-term treatment as was previously shown for imatinib, sorafenib and pazopanib [3, 5, 49, 50] . Reasons for no follow-up of advice, as in 31 of 72 advices in this study, were, e.g. expected intolerability of higher doses, activity of the treatment based on radiological evaluation and lack of evidence of higher dose imatinib in GIST in the adjuvant setting.
The current study retrospectively assessed the effect of therapeutic drug monitoring on the number of patients that reached adequate trough levels of imatinib, sunitinib and pazopanib. It was shown that adequate trough levels can be reached using TKI dosing based on trough levels. Therefore, therapeutic drug monitoring may already be used to support clinical decision making in daily practice, when physicians suspect inadequate trough levels based on toxicity or lack of response. However, since the effect of reaching adequate trough levels was not correlated to treatment outcome in this exploratory study, effect of therapeutic drug monitoring on treatment efficacy and safety cannot be established yet. Future research is necessary to find an answer to this research question. At present, there are some initiatives to study treatment effectiveness and tolerability using therapeutic drug monitoring, prospectively. One of the initiatives is a national study assessing the clinical outcomes in GIST patients treated with TKIs and therapeutic drug monitoring compared with matched-controls that receive standard of care (NCT02331914).
In conclusion, the number of patients that reached adequate trough levels of imatinib, sunitinib or pazopanib roughly increased from one third to two thirds of the patients after dose optimization based on trough levels in daily practice. Therefore, therapeutic drug monitoring of these drugs seems a feasible tool to individualize the dose and to increase the likelihood of treatment effectiveness and tolerability in daily practice. Further research is needed to establish the therapeutic efficacy and safety of imatinib, sunitinib and pazopanib dosing based on trough levels instead of standard fixed doses.
